Polymerase chain reaction (PCR) amplification of specific regions in the genomes of a variety of lower eukaryotes permits rapid identification of these microorganisms. First, on the basis of the presence of both constant and variable regions in the small subunit (ssu) rRNA, a nested PCR for direct identification of various Candida species can be designed. Amplification of the entire ssu rRNA gene and subsequent reamplification of variable sequences within the V4 domains of these PCR products were combined with direct sequencing.
Restriction enzyme maps were made, and species-specific oligonucleotides for hybridization analysis were selected. Unequivocal discrimination of four of the major human pathogenic yeasts (Candida albicans, Candida glabrata, Candida tropicalis, and Candida krusei) is possible if a combination of these techniques is used. Second, by using oligonucleotides aimed at repeated sequences which occur at dispersed positions in the genomes of all eukaryotes, species-specific DNA fingerprints could be generated. This interrepeat PCR using genomic DNA as template proved to be an effective tool in Candida species typing. Both techniques described here can be extrapolated to the high-speed diagnostics of numerous other prokaryotic and eukaryotic pathogens.
Typing of pathogenic fungi belonging to the genus Candida can be performed in a number of ways (reviewed in references 1 and 18). Standard procedures involve examination of streak and colony morphology, assessment of various biochemical parameters, and analysis of antimycotic resistance spectra. In 1987, the first molecular-biological determination assay for Candida species was described (22) . Analysis of restriction enzyme digests of genomic DNAs from various species and subspecies led to the detection of specific restriction fragment length polymorphisms (RFLPs) among the isolates examined. In general, most of the observed RFLPs are based on variations of either the ribosomal genes or the mitochondrial genome, so only limited variation between species and subtypes was encountered. In the case of Candida species, this observation initiated the search for new species-specific molecular probes, and this search led to the cloning of a highly variable, dispersed, repeated gene family present in the genome of Candida albicans (23) . By using the clones as probes, polymorphisms between C. albicans isolates could be routinely detected. In various clinical studies, this fingerprinting strategy has proven to be a valuable diagnostic and epidemiological tool.
Furthermore, cloning of the C. albicans actin gene enabled the development of a species identification assay based on Southern hybridization (14) . Also, the analysis of karyotype variation as determined by pulsed-field gel electrophoresis could be used for species identification (7) . RFLP analysis of genomic fungal DNA has been used for strain typing.
Upon development and sophistication of the polymerase chain reaction (PCR) technique (20) , new opportunities for the design of diagnostic procedures arose. Whereas the value of sequence comparisons and the development of species-specific probes for yeasts had already been empha-* Corresponding author.
sized (8, 12) , the PCR allows detection of sequence variation and thus facilitates analysis of base variation. PCR analysis of the gene for cytochrome P45oLlA, from four major human pathogenic yeasts (C. albicans, Candida glabrata, Candida krusei, and Candida tropicalis) demonstrated that the use of PCR couples species specificity to extreme sensitivity (5) . In this case, however, it appeared to be impossible to discriminate between C. albicans and C. tropicalis. Recently, a PCR aimed at the small subunit (ssu) rRNA genes of a number of pathogenic yeasts and fungi was described (3) . Based on the results obtained by cloning and sequencing the PCR products, a very detailed proposal for evolutionary interrelations among Candida species could be made. However, no diagnostic assays were suggested on the basis of the sequence variation observed.
In this communication, we demonstrate that amplification by PCR of the ssu rRNA genes and/or DNA regions bordered by tandemly repeated sequences from different Candida species can lead to the development of fast and easyto-handle species-specific assays. We describe a nested PCR, amplifying first the entire ssu rRNA gene and subsequently a variable region within this gene. Direct sequencing of the variant PCR products allows detection of speciesspecific restriction endonuclease sites and identification of unique regions for a spectrum of Candida species, which can be used for probe design. Interrepeat PCR provides another strategy for detecting genomic polymorphisms in fungi. In a single PCR, species-specific fingerprints can be produced. 520   ACT GCT GOCA GCA CCT ACG GAA ACC TTG TTA CG   Yeast ssu rRNA 3' primer  522  ATA TGG ATC CTA TCT GGT TGA TCC TGOC CAG   Yeast ssu rRNA 5' primer  361   ACC TTG TTA COGA CTT CAC CCC A  Prokaryotic ssu rRNA universal 3' primer  377  AAA GGA TCC TGC AGA GAG TTT GAT CCT GGC TCA G  Prokaryotic ssu rRNA universal 5' primer  532  TAT TAA AGT TGT TGC AG  V4 region of yeast ssu rRNA 5' primer  651  CCT GCT TTG AAC ACT CTA ATT T  V4 region of yeast ssu rRNA 3' primer  704  TGC GTT GAT TAC GTC CCT GCC  V9 region of yeast ssu rRNA 5' primer   497  GTA GCC ATT TAT GGC GAA CC  C. albicans probe, V4 region  521  CCA AGT CCT TGT GGC TTG GC  C. PCR on ssu rRNA genes from fungi. Oligonucleotides 520 and 522 are homologous to the 5' and 3' termini of the ssu rRNA genes of C. albicans, C. glabrata, and Saccharomyces cerevisiae (12, 22, 32) . Using 50 pmol of these primers, which also harbor artificial 5'-terminal PstI or BamHI restriction sites, a PCR was performed on the ssu rRNA genes of the Candida species mentioned above. The reactions were performed in a volume of 100 ,ul under standard conditions (10) using 10 pg of genomic DNA of the various strains. Denaturation took place at 95°C for 1 min, annealing was performed for 2 min at 42°C, and enzymatic extension was done for 3 min at 74°C. Forty cycles were performed. A Biomed thermocycler 180 was used in all experiments. Reaction products were analyzed by using electrophoresis on 0.8% agarose gels run in 89 mM Tris-HCl (pH 8.0)-89 mM boric acid-2 mM EDTA (lx TBE). PCR products of all strains were used as templates for a second round of PCR amplification after elution of the full-length ssu rRNA fragments from agarose slices by centrifugation through glass wool filters (13 (Table 2) were included in a PCR reaction with the yeast-specific ssu rRNA gene primers 520 and 522. Amplimers were analyzed on agarose gels, and Southern blots were prepared from these gels. Blots were probed with 32P-end-labeled Candida species-specific probes (numbers 497, 521, 705, and 706; Table 1 ). Second, the DNA sample collection was subjected to a PCR using the universal prokaryotic ssu rRNA primers 361 and 377 (Table 1) . Again, amplimers were analyzed by agarose gelectrophoresis and Southern blotting with the Candida species probes. Finally, the collection was used as template for the interrepeat PCR. In this case, only analytical gel electrophoresis was performed.
Direct sequencing of PCR products. For the sequencing of PCR fragments, we used a method which essentially is a synthesis of previously published procedures (2, 31) . Briefly, approximately 1 ,g of the PCR-amplified fragments is cut out of a standard agarose gel, and the DNA is eluted from the gel block by centrifugation over glass wool. After the addition of 0.1 volume of 3 M sodium acetate (pH 4.8), 1 volume of isopropanol is added to the resulting solution, and the DNA precipitate is collected by centrifugation. The pellet is VOL. 31, 1993 Fig. 2 . This figure also gives the locations of the probes, which were selected on the basis of their unique sequences (Table 1) .
Hybridization analysis and specificity assays. Dot blots containing PCR products of the various Candida species were hybridized with 32P-end labeled probes specific for C. glabrata (probe 521), C. albicans (probe 497), C. tropicalis (probe 706), and C. krusei (probe 705) (Fig. 3) . Results agree with expectations. Probe 497 also very efficiently recognizes C. stellatoidea DNA, although its correct target is C. albicans DNA. This result agrees with the observation that C. albicans and C. stellatoidea are phylogenetically very close ( Fig. 2) (3) . A control experiment with the general Candida probe 733 revealed that all spots contained appropriate amounts of DNA. However, when this probe was used, hybridization to C. albicans, C. krusei, and C. stellatoidea DNAs was less efficient because of the presence of one or two mismatches in the terminal regions of the probe (Fig. 2) .
Specificity of the Candida species primers and probes was also assayed by using a large collection of DNA samples ( When the 361-377 primer combination was employed, a complete reversal was seen: all bacterial DNAs gave rise to 1.4-to 1.6-kbp fragments, whereas the lower eukaryotes (Table 1 ) appeared to be very poor templates. None of the products formed under these conditions reacted with the Candida species probes.
Restriction enzyme mapping. Analysis of the sequences of V4 regions of ssu rRNAs from various organisms reveals the presence of several restriction sites. In addition to the obvious differences in length of the 532-651 PCR products, unique restriction sites can also be traced. In the case of C. glabrata, for instance, the fragment 177 nucleotides in length contains a unique SmaI site. C. krusei and C. tropicalis harbor NheI sites in the V4 region. The use of the enzyme StyI leads to cleavage of the 532-651 PCR fragments from C. albicans and C. tropicalis. For C. albicans, this contradicts published data (9), as is also the case for a predicted but absent TaqI site in the V4 area of this yeast species. This may indicate the presence of microheterogeneity between various isolates of the same species, a phenomenon requiring further investigation. However, choosing a combination of restriction enzymes allows determination of at least the major human pathogenic yeasts. Figure 4 gives an example of the results obtained with a combination of restriction VOL. 31, 1993 908 NIESTERS ET AL. l'ATlAAAGMGsT6CAGTTMANU cGCTd lGMAACtTrGGGccGs,ttgGcCGGl'Ccgatftttt cgtGtACTGgatttcCaagGgGc CTTTCCfT1TVGcMTaCCttqaatccTT gtgqctcttGGcga A C ACttM GAaaMAA TAGAGrGTTVCAA9CAGG 177
FIG. 2. Alignment of partial ssu rRNA sequences from S. cerevisiae and eight Candida species. The sequences, which are given from 5' to 3', are located between residues 599 and 776 in the S. cerevisiae gene (9) and are part of region V4 according to Neefs et al. (17) . Point mutations are indicated by lowercase lettering; gaps in the sequences represent relative deletions. Sequences for C. albicans and C. glabrata have been published previously (1, 22) . Sequence overlap was maximized with the aid of Microgenie software. Probes derived from these sequences are indicated by boldface letters. 'I r: +i)n of the general Candida probe 733 is boxed.
enzymes and the C. albicans, C. glabrata, C. krusei, and C. tropicalis 520 and 522 ssu rRNA amplification products. All four species display different RFLPs, detection of which in complex clinical samples can be achieved by hybridization of blots to the species-specific probes mentioned above.
Interrepeat PCR. Figure 5A shows a representative example of the result of intermicrosatellite PCR using the oligonucleotides (AC)10 or (CAC)7 (738 and 785) on DNA templates from Candida species. Polymorphisms among the Candida species are in agreement with recent phylogenetic classifications (see reference 3 and Discussion section below). The lengths of the fragments generated by these PCRs are between 0.3 and 1.5 kbp. A clear overlap in the nature of the fingerprints, probably due to either the existence of mixed repeats or cross-hybridization between repeat probes, is obvious. When the annealing temperature is lowered to 50 or 42°C, the patterns become generally more complex. Advantageous is the concomitant rise in polymorphism between closely related strains. Increasing the extension time resulted in band smearing in all lanes: discrete bands were no longer observed. Interrepeat PCR at 60°C on the prokaryotic (zoo) DNA collection revealed vague bands, not exceeding 1 3 . Species-specific oligonucleotide probing of dot blots containing full-length Candida ssu rRNA PCR products generated by using primers 522 and 520. Blots were hybridized with oligonucleotide probe specific to C. glabrata (oligonucleotide 521, strip A), C. albicans (oligonucleotide 497, strip B), C. tropicalis (oligonucleotide 706, strip C), C. knrsei (oligonucleotide 705, strip D), and Candida species (oligonucleotide 733, strip E). Strip F was hybridized with oligonucleotide 520 and served as an internal control for the dot blot analysis. Strips 1 through 9 contain material derived from C. glabrata, C. albicans, C. tropicalis, C. kusei, C. guilliermondii, Candida kefir (nonclassified clinical isolate), C. parapsilosis, C. pseudotropicalis, and C stellatoidea, respectively. enterocolitica, Escherichia coli, and three isolates of Campylobacterjejuni (85Y401, 86Y092, and 85Y500). When DNAs from higher eukaryotes (various humans, cows, and chimpanzees) were used as templates, only smears of reaction products varying in length between 1 and 10 kbp were observed. All experiments described above, except for the zoo PCR, were also performed with (GT)10 (primer 739) as the single PCR primer. Interestingly, none of these experiments was successful, as again, only smears were found (see Discussion) . However, the interrepeat approach has a wider applicability. Figure SB gives (12, 19, 32) . Another advantage of the direct sequencing approach is that PCR products can be identified on the basis of their primary structures (Fig. 1) . Also, restriction mapping of the PCR products (Fig. 4) (6, 28) . In this paper, we present evidence that several repeat-oriented primers can be used for the detection of genetic variation in Candida species. For instance, it has been documented that sequences composed of multimers of the dinucleotide AC occur frequently within the eukaryotic genome (24 Fig. 1 (lanes 3 and 4) .
Current techniques for the detection and identification of fungi mainly involve culture and microscopical analyses (1, 11) . Detection of both antibodies and antigens in invasive disease is complex and cannot at present be performed in easy-to-handle assays, although encouraging developments have been reported for C. albicans (27) . All current DNAbased techniques involve methods which will not be easy to apply in a clinical setting (9) . Since PCR analysis of clinical VOL. 31, 1993 909 samples is gradually becoming incorporated into the diagnostic laboratory, we feel that the methods described here could provide an interesting alternative in addition to present diagnostic methods for fungi. It must be remembered, however, that before the strategies described here can be implemented in the clinical situation, extensive research on specimen handling and processing will have to be performed.
